Information loss paradox is still a challenging problem in theoretical physics. In this essay, for statics BTZ black holes and Schwarzschild black holes, we propose a simple solution based on the similarity between black holes and topological insulators. That is, the Hawking radiation is pure due to the entanglement between the left-moving sector and right-moving sector of the Hawking radiation. And this entanglement may be detected in an analogue black hole in the near future. * Essay written for the Gravity Research Foundation 2020 Awards for Essays on Gravitation. 2
I. INTRODUCTION
One important contribution of Stephen Hawking is the discovery of the Hawking radiation [1, 2] , that is, the black hole can radiate with a black body temperature T H . The thermal nature of those radiation lies at the heart of the "information loss paradox" [3] . It says that the evaporation of a black hole will break the unitary, or in other words, a pure state can evolve into a mixed state. Up to now, there are many proposals for its resolution. For some recent reviews, see Ref. [4, 5] .
In this essay we propose a simple solution to this paradox: the Hawking radiation is pure even through it appears as thermal. This solution is based on our early claim: the black hole can be considered as a kind of the topological insulator. For the BTZ black hole in three dimensional spacetime this claim is tested in Ref. [6, 7] . The boundary modes on the horizon of a BTZ black hole can be described by two chiral massless scalar fields with opposite chirality [8] . This is the same as a topological insulator in three dimensional spacetime (also called quantum spin Hall state) [9] . The topological insulator has the W 1+∞ symmetry group which contains the near horizon symmetry group of the BTZ black hole. The microstates of the BTZ black hole are identified with the quantum states of those chiral scalar fields. For higher dimensional black holes, such as Kerr black holes in four dimension, the boundary modes can be described by boundary BF theory [10] , which is also the same as higher dimensional topological insulators. From the boundary BF theory, one can construct a scalar field theory. Just like the BTZ black hole, we can also identify the quantum states of the scalar field with the microstates of Kerr black holes [11] .
II. EXAMPLES
It is a little counterintuitive that how a pure state appears as thermal. Actually we can understand this if the entanglement is took into account. Let us take some examples [12] .
The first example is the vacuum state in Minkowski spacetime with Rindler decomposition [13] . The vacuum state can be written as
where L/R represent the left and right Rindle wedge. |i > R are eigenstates of the right Rindle Hamiltonian H R and |i * > L = Θ + |i > R with Θ the CPT operator. The reduced density matrix for the right wedge is
which is just a thermal state. So a pure state can appear as thermal if only part of it is considered.
The second example is closely related to the first one, that is the Hartle-Hawking state for an eternal Schwarzschild black hole [14, 15] . The state is given by
Here i labels eigenstates of the Schwarzschild Hamiltonian in the left and right exteriors. The reduced density matrix for the right side is
which is a thermal state at Hawking temperature. [16, 17] . Separating the whole region into two parts A and B with a common boundary C. When the coupling between those two parts is ignoring, there are chiral and anti-chiral edge states propagating along the boundary. Due to the entanglement between A and B, the reduced density matrix of the ground state for right-moving sector is thermal. The ground state |G > for an abelian fractional quantum Hall state with fixed topological sector is given by [17] |G
Here τ 0 is the extrapolation length which is determined by the energy gap. H L and H R denote the Hamiltonian for the left-moving and right-moving edge sectors. k(n) denotes the momentum of the state. Notice that due to the chirality the right-(left-)moving edge sector only contains excitations with positive (negative) momentum. The reduced density matrix for the right-moving sector is
which is a thermal state. This example will play important role in our following analysis for the black hole.
III. STATIC BTZ BLACK HOLE AND SCHWARZSCHILD BLACK HOLE
In this section we consider black holes. Firstly we consider the BTZ black hole in three dimensional spacetime.
The horizon separate the whole spacetime into two regions: the exterior and interior of the black hole. Similar to the quantum Hall states, the boundary modes on the horizon contain left-moving sector and right-moving sector. The
Hamiltonian and angular momentum for the left-moving and right-moving sectors are as follows [11] ,
The entropy for the right/left-moving sector is
We consider those entropy as entanglement entropy of Hawking radiation for right/left-moving sector. To make the whole Hawking radiation a pure state, a necessary condition is that the entanglement entropy for two sectors should be equal, that is, r − = 0. So in the following we will consider the static BTZ black holes.
In Ref. [18] the Hawking radiation from the boundary scalar field was investigated. We found that the number distribution of the Hawking radiation for rotating BTZ black holes is the mixture of thermal radiation of right/leftmoving sector,
where H(k) is the Heaviside step function, Ω H = r− r+L the horizon angular velocity, and β R , β L are inverse temperatures for right-moving and left-moving sectors. For static BTZ black holes, one has Ω H = 0 and β R = β L = β H .
The thermal radiation for right-moving sector < N R (ω k ) > corresponds to a thermal density matrix,
where the first k represent the energy and the second angular momentum of the state.
The entanglement between the exterior and the interior of the black hole leads to the entanglement between the left-moving edge state and right-moving edge state. So similar to the fractional quantum Hall state case (5) , the state for whole Hawking radiation is a pure state
even through it appears as thermal. Actually this state is an example of maximally entangled state, and for any right-moving state with angular momentum k there exists a left-moving edge state with opposite angular momentum −k. It is this entanglement that make the state pure. And this entanglement can be detected in principle, unlike the case for Hartle-Hawking state for the eternal Schwarzschild black hole.
The same procedure can be applied to the Schwarzschild black hole, since it has the similar structure as the statics BTZ black hole.
IV. CONCLUSION
In this essay we propose a simple solution to the information loss paradox for static BTZ black holes and Schwarzschild black holes, based on the similarity between black holes and topological insulators. The entanglement between the left-moving edge state (with angular momentum k < 0) and right-moving edge state (with angular momentum k > 0) is the key to keep the finial state a pure state. Since the Hawking radiation is pure for all the time, there is no information loss.
For Kerr black holes, the above procedure need some modifications. A possible approach is that firstly a Kerr black hole evolves into a Schwarzschild black hole by spontaneous quantum superradiance emission effect. Then this Schwarzschild black hole radiates the Hawking radiation which is pure all the time. But the detail need further investigation.
It is impossible to detect the Hawking radiation for real black holes due to technical limitations. But it was reported that the analogue Hawking radiation was observed in an analogue black hole [19] . We hope that the entanglement between the left-moving and right-moving edge states (11) can also be observed in this type experiment in the near future.
